Laboratory column experiments were conducted to study the effects of anionic polyacrylamide (PAM) polymer and surfactant linear alkylbenzene sulfonate (LAS) on the movement of Escherichia coli and the FRNA phage MS-2. The study was designed to evaluate if PAM or PAM + LAS would enhance the mobility of human pathogens in tropical soils under unsaturated conditions. No breakthrough of phage was observed in a 10 cm column after passing 100 pore volumes of solution containing 1 £ 10 8 plaque-forming units (PFU)/ml. In later experiments, after passing 10-20 pore volumes of influent containing 1 £ 10 8 /ml MS-2 or E. coli through 15 cm columns, the soil was sliced and the organisms eluted. Phage moved slightly deeper in the polymer-treated column than in the control column. There was no measurable difference in the movement of E. coli in either polymer-treated or control columns. The properties of the soil (high amounts of metal oxides, kaolinitic clay), unsaturated flow conditions, and relatively high ionic strengths of the leaching solution attributed to significant retention of these indicators. The impacts of PAM and LAS on the mobility of E. coli or MS-2 phage in the chosen soils were not significant.
INTRODUCTION
The islands of Hawaii have many similarities to other tropical regions of the world. They have highly weathered soils, seasonal rainfall that is high in intensity, and a high population density that relies on ground water as the primary source of drinking water. Prevention of pathogen contamination of ground water and coastal waters is among the top priorities in Hawaii. Some areas of the Hawaiian islands are not serviced by sewers. Instead, they are serviced by septic tanks and cesspools. Many communities along coastline areas have high-capacity (serving multiple dwellings and businesses) cesspools that are very close to the ocean, and they are potential contamination sources for both underground waters as well as coastal recreational waters. Currently, the US Environmental Protection Agency (EPA) has issued a ban on high-capacity cesspools in Hawaii. However, users have yet to fully comply with the ruling. Further, the rule does not apply to the cesspools of individual homeowners. In some regions of the state, land is also being used for the disposal of treated wastewater and sludge as ocean disposal is becoming increasingly regulated.
No systematic studies have been conducted in Hawaii on the transport behavior of pathogens in unsaturated soils. doi: 10.2166/wh.2007.012 Although a limited number of field and laboratory studies have been conducted to evaluate the transport of bacteria (total and fecal coliforms) and viruses (phage T4, coxsackie, and polio type 2) in selected soils (Tanimoto et al. 1968; Hori et al. 1970; Lau et al. 1975; Chang & Young 1977) , no concerted efforts were made to control the moisture regime, pH, or boundary conditions in the laboratory studies, even though these are some of the important processes that affect the transport of microorganisms in soil. As reported in the above studies, virus concentrations in the effluent from the soil columns or field lysimeters varied from no detection to a small fraction (3%) of the applied concentrations depending on soil type. In the above literature, field studies were conducted at agronomic rates on soils rich in oxides of iron and aluminum. Water samples collected from lysimeters at 1.5 m depths contained no viruses, suggesting their limited movement in the soils tested.
In the western United States, anionic polymers such as polyacrylamides (PAMs) are being used in agricultural lands to reduce erosion and enhance water infiltration (Trout et al. 1995; Zhang & Miller 1996; Ben-Hur & Keren 1997; Aase et al. 1998; Sojka et al. 1998) . Enhanced infiltration may increase the movement of pathogens through the soil and, consequently, increase the risk of their migration to the aquifer. PAM is also used as a flocculant in water and wastewater treatment (Gardiner 1996; Vanotti et al. 1996) .
Residual PAM can be found in treated wastewater or sludge.
Thus, the use of PAMs on agricultural land for erosion control or the presence of residual PAMs in effluent or biosolids from treatment plants may increase the chance of ground-water contamination due to enhanced infiltration.
Similarly, linear alkylbenzene sulfonate (LAS), the most widely used surfactant in cleaning products and laundry detergents, is typically found in wastewater and sludge (Rapaport & Eckhoff 1990) .
Ongoing field studies of effluent application at agronomic rates require a long time to observe any effects in deeper soils or in the underlying ground water. Thus, column experiments at high loading rates of water and pathogens needed to be conducted to examine their transport behavior in relatively short periods of time.
The overall goal of this research was to evaluate if the ground water beneath the highly weathered tropical soils would be susceptible to contamination from pathogens present in wastewater and sludge. The specific objective was to study the transport behavior of E. coli and the bacteriophage MS-2 (often used as a surrogate for certain human enteric viruses) in packed unsaturated soil columns of Wahiawa Oxisol under conditions where the soil surface was treated with PAM and the leaching solution was amended with LAS typically found in effluent. The relatively high ionic strength of the leaching solution was used to represent the coastal water quality.
MATERIALS AND METHODS

Materials
Soil
The Wahiawa Oxisol, an extremely weathered tropical soil of basaltic origin, was collected from Central Oahu at the depth ranges of 25 to 40 cm to exclude much of the surficial organic matter. Kaolin is the primary mineral in the soil.
The soil is classified as silty clay loam, with large fractions of water-stable aggregates. The soil contains a few weatherable minerals and is rich in oxides of iron and aluminum. Iron oxides (hematite) give the soil a distinct red color. The particle-size analysis of dispersed aggregates revealed that the soil contains 83% clay, 12% silt, and 5% sand. The average pH (1 part soil with 1 part deionized water) of the soil is 5.7. The particle densities of the Wahiawa soil samples range from 2.78 to 3.23 g/cm 3 (Miller 1987) . It is believed that such high particle densities are due to the presence of heavy metals such as iron and titanium (15 to 18% and 2.5 to 3.5%, respectively, determined by X-ray fluorescence analysis). Among the base cations, approximately 70% is Ca 2 þ , 17% is Mg 2 þ , 7% is Na þ , and 6% is K þ (Teo et al. 2006 ). In the current study, the soil was sterilized by irradiation with a Co 60 source for 60 hours and was refrigerated until use. 
Assay of phage
For the assay and enumeration of bacteriophage MS-2, a modified double agar overlay method (Adams 1959 ) was used. In brief, the sample (0.2 mL) and the host bacteria were used for phage enumeration, and the results were reported in plaque-forming units (PFU)/mL for effluent samples or PFU/g of dry soil. The host bacterium in this system, F(ampR) E. coli is resistant to ampicillin, which when incorporated into the bottom agar, limits the growth of other background bacteria. The bacterial host was prepared as previously described by Debartolomeis & Cabelli (1991) . An additional enrichment procedure, as outlined in Wong (2001) , was used to increase the sensitivity of the assay.
E. coli and phage viability in buffer and soil
The respective viabilities of E. coli and MS-2 were determined in buffer and soil to ensure their viability over the period of the experiment. Approximately 5 £ 10 10 CFU of E. coli were added to 500 ml of 0.01 M CaCl 2 or CaCl 2 with PAM and held for 5 days at room temperature (208C).
Samples were taken on days 1, 3, and 5 and analyzed for E. coli by membrane filtration. Approximately 5 £ 10 10 PFU of MS-2 phage were added to 500 ml of salt diluent or salt diluent with PAM and held at room temperature for 10 days. Samples were analyzed for MS-2 by the double agar overlay method. A total of 1 £ 10 10 CFU of E. coli or 1 £ 10 10 PFU of MS-2 phage were added to 500 ml of 0.01 M CaCl 2 with 25 mg/L of LAS and held at room temperature for 10 days. Samples were taken on days 1, 3, 5, and 10.
The viability of E. coli and MS-2 in soil was examined by mixing 300 g of plain soil with 90 ml of appropriate buffer. For PAM-treated soil, 300 g of soil were mixed with 60 ml of appropriate buffer. The soil was inoculated with 1 £ 10 8 colony forming units (CFU) or PFU bacteria or MS-2 per gram of soil. After thoroughly mixing the soil, two subsamples (about 10 to 20 g each) were taken to determine soil moisture content and for microbial analysis.
The remainder of the soil was held at room temperature for 5 or 10 days. E. coli-inoculated soils were sampled on days 1, 3, and 5; whereas MS-2-inoculated soils were sampled on days 2, 4, 6, 8, and 10. The soil was eluted with an appropriate buffer and assayed for E. coli by membrane filtration or for MS-2 by the double agar overlay method.
Column experiments
Plexiglas columns, 5 cm in diameter and either 10 cm or 15 cm in length, were packed with sterile soil which had been passed through a 2 mm sieve. Before packing, the column cells and tubings were thoroughly disinfected with 10% chlorox solution, dechlorinated with 10% sodium thiosulfate (Na 2 S 2 O 3 ) solution, and rinsed several times with sterile distilled water. All columns were packed with soil to achieve a field bulk density between 1.01 and 1.03 g/cm 3 . Using a power sprayer, the PAM was applied to the top of the soil column at a dose of 10 kg/ha. The PAM-treated soil column was then allowed to dry overnight before being used. Water and inoculum solutions were uniformly applied over the surface of the column.
The leaching experiments were run under unsaturated flow conditions. The bottom of the soil columns were connected to the vacuum chamber (see Figure 1) . To obtain the desired flow and to minimize air entering the soil columns, a suction of 5 cm was applied to the 15 cm columns and 2 cm to the 10 cm columns. Solution was continuously applied to the top of the column with a multichannel syringe pump at flow rates of 17.50 cm/day for the 15 cm columns and 61.25 cm/day for the 10 cm columns. These flow rates, which are substantially higher than agronomic rates, were selected to increase the chances of breakthrough in relatively short periods of time. The viral transport experiments were run for 10 days, and the bacterial and the combination viral/bacterial transport tests were run for 5 days.
The feed solution contained approximately 1 £ 10 8 CFU/mL of E. coli or 1 £ 10 8 PFU/mL of MS-2 phage.
Details of the preparation are presented in Wong (2001) .
Adsorption experiments
Batch adsorption experiments were conducted to assess the sorption distribution coefficient (K d ) of E. coli or phage to the Wahiawa Oxisol, and to observe the effect of contact time on adsorption. Various amounts of air-dried soil were added to phage and E. coli suspensions and mixed until equilibration occurred. The slurry was centrifuged at 8,000 rpm for 20 minutes, and the supernatant was analyzed for phage. For bacterial enumeration, absolute quantification was not feasible because of sedimentation of cells from the supernatant. So, the bacterial samples were centrifuged at a lower speed (5,000 rpm) for 10 minutes only. The supernatant was analyzed for the unsettled (unadsorbed) bacteria. This provided an apparent bacterial density for the given conditions. E. coli and MS-2 phage were enumerated as previously described. The amount of bacteria or phage attached to the soil was obtained by subtracting the amount free in the supernatant from the amount originally added.
RESULTS
Viability of E. coli and MS-2 phage
The E. coli and MS-2 phage suspensions were stable over the desired experimental period. The starting concentrations for E. coli and MS-2 were in the range 1 £ 10 8 CFU/ml or PFU/mL in the salt diluent or in the CaCl 2 solution, respectively. The starting concentrations did not vary whether PAM was present or not. Their viability remained at that level for a period of 5 days for E. coli and 10 days for phage. Starting concentrations of E. coli and MS-2 for viability tests with LAS were at 1 £ 10 7 PFU/mL and CFU/mL, respectively. There was a marginal reduction (, 1 log) for E. coli counts over a period of 5 days. However, the phage concentration remained at the initial level for the entire 10 days.
Unlike the water samples, there was a substantial reduction in recovery of both phage and bacteria from the soil as a function of time. Up to a 3-log (i.e., 1,000-fold) reduction in recovery was observed for phage at day 10 and up to a 1-log reduction in recovery was observed for E. coli at day 5.
MS-2 column leaching experiment: 10-cm-long column
No MS-2 was found in the breakthrough solution from the 10 cm long untreated soil column after passing 100 pore volumes of water containing about 1 £ 10 8 PFU/mL. The total MS-2 input into the system was 1.18 £ 10 13 PFU.
At the end of the experiment, the column was cut into three sections, each measuring 3.3 cm. The average concentrations of MS-2 recovered from the top, middle, and bottom portions were 8.90 £ 10 8 , 1.90 £ 10 9 , and 2.20 £ 10 6 PFU/g, respectively, with a total recovery of less than 5% of the input.
MS-2 column leaching experiment: 15-cm-long column
Similar to the results for 10 cm long column leaching experiment, no MS-2 phage was found in the leachates of both 15 cm long soil columns (PAM-treated and control) over a period of 10 days. During this time, approximately 18 pore volumes of water containing a total of 1.30 £ 10 12 PFU MS-2 passed through the soil column.
The soil from each column was sliced into six 2.5 cm long sections to determine the phage movement in the column.
The first two columns in Table 1 show that the downward movement of phage was somewhat enhanced in the PAM- 
Leaching with LAS: 15-cm-long column
The leaching experiment to evaluate the impact of LAS on control and PAM-treated soil columns was run for 5 days.
The total amount of influent applied to each of the two columns was 9 pore volumes. The influent contained 25 mg/L of LAS as well as E. coli or MS-2 at concentrations of 5 £ 10 7 CFU or PFU/mL, for a total input of 9.1 £ 10 11 CFU or 9.1 £ 10 11 PFU, respectively. Continuous injection of the influent to the PAM-treated soil column resulted in no MS-2 in the effluent, but E. coli at a concentration of less than 10 CFU/ml began to appear in the effluent on day 1 and remained at that level for the rest of the period. For the control column (no PAM, but 25 mg/L LAS in solution), there was no MS-2 in the effluent, but E. coli began to appear at a concentration of 1 CFU/mL on day 1 and increased to 90 CFU/mL by day 5.
As before, the columns were cut into six 2.5 cm long sections, and the phage and the bacteria were eluted out of the soil sections. Table 2 shows the recovered amounts of MS-2 phage and E. coli for the two treatments. The phage was limited to the top 5 cm (two sections) of the columns.
Low concentrations of E. coli, however, were obtained from soils from all six sections of the columns, albeit the majority of the E. coli seemed to be concentrated in the top 2 sections.
Sorption experiments
There was no significant difference in the adsorption behavior between the untreated control and PAM-treated soil for MS-2. The 45 minute contact time experiment was not performed at the same time as the 30 minute and 4 hour contact time experiments. The input concentrations were prepared with the assumption that each gram of soil could adsorb 1 £ 10 8 PFU of phage. In the control soil, as the minutes to pass one pore volume of water through the soil column; thus it is apparent that sorption is equilibriumcontrolled during transport through the columns. As it was not feasible to get an absolute number of E. coli present in the supernatant after batch equilibration, the apparent concentrations, based on earlier specified centrifugation time and speed, were used to determine its sorption. The differences of sorption between 30 minutes and 4 hours were minimal, and PAM did not have any measurable effect on sorption.
When both control and PAM-treated soils were equilibrated with phage, both had the same maximum adsorption capacity in the range of 1 £ 10 9 to 1 £ 10 10 PFU/g of dry soil. Such tests were not conducted for E. coli since its removal from the supernatant due to centrifugal force was not quantifiable.
DISCUSSION
In previous studies (e.g., Teo et al. 2006) , PAM-treated soils showed higher rates of infiltration relative to control soils.
PAM was also found to aid in coagulation and flocculation of several soils. It was noticed that when the PAM-treated soil column was cut, it was more intact than the control soil column. It is speculated that maintenance of large pores and possibly bypass flows might have contributed to a somewhat deeper migration of phage in the PAM-treated columns. The impacts of the soil as well as the chemicals on transport mechanisms are discussed below.
Impact of soil properties
As presented in the "Materials" section, the soil used for the experiments is rich in metal oxides. Their concentrations are typically large compared to that in soils in temperate climates. In fresh stream sediments, DeCarlo & Spencer (1995) reported percentages of iron and aluminum oxides as high as 10%. We hypothesize that loss of silica fractions due to weathering can increase the fraction of iron and aluminum oxides in the residuum. Grain-size analysis of the soil samples indicated that 75% of the soil minerals were less than 0.01 mm in size and over 55% were even smaller than 0.001 mm (Figure 2) . Kaolinite is the predominant clay mineral found in Oxisols. The 1:1 clay is composed of one layer of silica and one layer of alumina. The role of metallic oxides on virus retention is clear (Pieper et al. 1997; Zhuang & Jin 2003) . Oxides or oxyhydroxides of iron and aluminum present in soil have been shown to enhance adsorption of pathogens. High clay content (Carlson et al. 1968; Bitton 1975 ) and iron oxide (Warren et al. 1966 ) are known to enhance adsorption of phage to soil.
Unsaturated flow conditions (Lance & Gerba 1984; Powelson et al. 1990 ) favor pathogen adsorption. Decreasing water content reduces the thickness of water films around the soil particles, which enhance the adsorption process. In our experiment, unsaturated transport conditions most likely promoted sorption of phage to the soil solids, causing no breakthrough in columns.
Lower solution pH favors adsorption of microorganisms to soil particles (Bitton 1975; Gerba et al. 1981) . The isoelectric point (pI) is used to express the change in surface charge of bacteria and viruses due to changes in solution pH. The pI is that pH where the net charge on the bacteria or virus surface is zero. The pI of bacteria varies in a narrow range from 2.5 to 3.5, whereas that for viruses varies from 2.5 to 8.2 (Gerba 1984; Ackerman & Michael 1987) .
A microbe will have a net positive charge when the pH of the soil solution is lower than the pI.
Phage/bacterial elutriation from the columns was minimal in most cases, indicating irreversible sorption.
Without the benefit of further investigations, it is unclear at this time what conditions in the environment would desorb the adsorbed phage and whether the desorbed phage would still have the viability to infect the host. Although our soil had a pH of about 5.7 (above the pI of bacteria and MS-2 phage), it is below the neutral point (pH 7). There is an abundance of H þ ions compared to OH 2 ions. Low pH conditions favor adsorption.
PAM and LAS impact
As discussed earlier, soil in PAM-treated columns was more intact when removed, indicating a preservation of structure. to the left is determined by conducting a sieve of aggregated soil in a nest of sieves and that to the right is for dispersed aggregates in water.
higher than that of the brackish waters. Future work on other soil types and variable ionic strengths may indicate if the mobilization of the pathogen indicators will be higher.
CONCLUSIONS
The experimental data showed that Based on these findings, our initial assessment is that highly weathered tropical soils, such as Oxisols, can act as a potential sink for the microbes associated with land-applied wastewater. However, we must use caution to extrapolate the data to all settings as the experiment used relatively higher ionic strength of the leaching solution and the particular soil used for the experiment contained a large percentage of metal oxides and submicron size clay. Future work should elucidate more into the mechanisms of pathogen indicator transport in a variety of settings.
